The effect of the nitrogen source on the activity of ferredoxin-dependent nitrite reductase has been studied in the cyanobacterium Anacystis nidulans. De novo synthesis of nitrite reductase occurred in the absence of an added nitrogen source, although enzyme activity was higher when the medium contained either NO; or NO,. The positive effect of NOT on nitrite reductase was also evident in tungstate-treated A. nidulans, which lacked an active nitrate reductase, indicating that the stimulatory effect was due to NOT itself and not to the NO, resulting from its intracellular reduction. NH,+ acted as a repressor, overriding any positive effect of NOT or NO,. Nitrite reductase synthesis was freed from NH,+ repression by L-methionine-DL-sulphoximine, an irreversible inhibitor of glutamine synthetase. NH,+ must therefore be metabolized through glutamine synthetase before repressing nitrite reductase. The kinetics of nitrate reductase and nitrite reductase development were similar in cells transferred from NH,+-to NOT-containing media, suggesting a coordinate regulation of synthesis.
INTRODUCTION
NO: is the available form of nitrogen which is most widely used by cyanobacteria. Since the nitrogen of NOT has an oxidation state of + 5 , an eight electron reduction is required to reach the oxidation state of -3 typical of organic nitrogen. In cyanobacteria, as in other NOT-utilizing organisms, the assimilatory reduction of NO? occurs in two successive steps. First, NO? is reduced to NO? in a two electron reduction catalysed by nitrate reductase; the resulting NO, is then reduced to NH,+ in a six electron reaction catalysed by nitrite reductase (Guerrero et Nitrate reductase synthesis in cyanobacteria is markedly influenced by the nitrogen source available in the external medium (Herrero et al., , 1985 . In Anacystis regulation of nitrate reductase is mainly achieved through NH,+-promoted repression, with NH,+ metabolism through glutamine synthetase being required for repression to occur . Furthermore, nitrate reductase activity is reduced in the absence of a source of combined nitrogen (Herrero et al., 1984) .
Available information concerning regulation in cyanobacteria of nitrite reductase is scarce and conflicting. Nitrite reductase has tentatively been proposed to be NH,+-repressible in Anacygis nidulans (Manzano et al., 1976) and Anabaena sp. 7 1 19 (MCndez et al., 198 1) whereas in Anabaena cylindrica (Ohmori & Hattori, 1970) it has been reported to be inducible by NO, but not by NOT.
Abbreviations: MSX, L-methionine-DL-sulphoximine; MTA, mixed alkyltrimethylammonium bromide.
The experiments reported in the present paper aimed to determine the role of NO,, NO: and NH,+ in the regulation of nitrite reductase in A. nidukans.
METHODS
Organism and culture conditions. Anacystis nidulans L 1402-1 was obtained from the Gottingen University Algal Culture Collection, W. Germany; it was grown photoautotrophically under continuous fluorescent illumination (25 W m-2) at 39 "C in 5% (v/v) C 0 2 in air on a synthetic medium as described by Herrero et al. (1981) . General experimental procedures were as in Herrero et al. (1984) .
Determination ofenzyme activities. Nitrate reductase was measured with dithionite-reduced methyl viologen as reductant in cells made permeable by including MTA in the reaction mixture at a final concentration of 75 pg ml-l (Herrero et al., 1984) . Nitrite reductase was also routinely assayed in cells made permeable with MTA. For this assay, cell suspension containing 400-500 yg protein was added to a reaction mixture which contained the following in a final volume of 1 ml: MTA, 750 pg; MOPS/NaOH buffer, pH 7.2, 25 pmol; KN02, 0.5 pmol; methyl viologen, 5 pmol; and 20 pmol of Na2S20, in 0.1 ml 0.3 M-NaHCO,. The reaction mixture was incubated for 10 min at 30 "C; NO5 was then determined. Blanks in which the reaction was stopped at zero time were also prepared. Activity Units (U) correspond to pmol NO: removed min-l. Where indicated, nitrite reductase activity in whole cells was also measured by an in vivo assay by determining the amount of NO: consumed by a suspension of intact cells under conditions in which NO? entry into the cell appears unrestricted (Flores et al., 1983~) . For this purpose, cell suspensions in 25 mM-MOPS/NaOH buffer, pH 7.2, were supplemented with 0.2 ~M -K N O , (final concentration) and incubated at 40 "C in shaken open flasks under continuous illumination (100 W m-*).
NO5 was measured according to SnelI & Snell(l949) in samples of the corresponding reaction media freed of cells (Herrero et al., 1984) . Cell protein was determined as described by Herrero et al. (1984) .
RESULTS A N D DISCUSSION
NOT-grown Anacystis nidulans cells had high ferredoxin-dependent nitrite reductase activity [around 40 mU (mg protein)-'] whereas NHZ-grown cells had negligible activity. When NH,+-grown cells were transferred to media containing either NO: or NOT as the sole nitrogen source, nitrite reductase activity increased until reaching, after 4 to 5 h, the maximal values found in NO:-grown cells (Fig. 1) .
The increase in nitrite reductase activity on transfer from NH,+ to NO: was prevented by the addition of either rifampicin or chloramphenicol to a final concentration of 50 pg ml-l (data not shown), suggesting that it resulted from de novo enzyme synthesis, rather than from activation of preformed enzyme.
To determine the relative contribution of the various nitrogen sources to the difference in activity found between NH,+-supplemented cultures and those grown in media containing NO? or NO: as sole nitrogen source, changes in nitrite reductase activity upon transfer of NH,+-grown cells to media containing different nitrogen sources were examined. Significant nitrite reductase activity was found in the absence of NH,+ even when no nitrogen source was available, and high values were recorded in media containing NO: (Table 1 : experiment without MSX). Activities in the presence of NO, were always higher than in nitrogen-free medium, although the positive effect of NO, on nitrite reductase varied in magnitude between experiments. The presence of NH,+ in the medium always led to negligible nitrite reductase activity even if NO: or NO: were simultaneously present. These results indicate that the negative effect exerted by NH,+ on A . nidulans nitrite reductase development cannot be overriden by NO: or NO,. The results presented in Fig. 1 and Table 1 (experiment without MSX) together support the idea that the regulation of nitrite reductase in A. nidukans in response to nitrogen source is mainly exerted at the transcriptional level, through repression determined by the presence of NH,+ in the medium. On the other hand, both NO; and NO, had a positive influence on the enzyme.
The inhibition of nitrite reductase synthesis promoted by NH,+ could either be exerted by NH,+ itself or by a product of NH,+ metabolism. MSX was used to distinguish between these alternatives. MSX effectively inhibits NH,+ assimilation in the A . nidukans strain used in this work, through inactivation of glutamine synthetase (Flores et al., 1980, 19836) . The addition of MSX to the medium permitted the development of nitrite reductase activity even in the presence A. nidulans was grown on NHI-containing medium and then transferred to medium containing the nitrogen source indicated, k 1 PM-MSX, and incubated for 4 h under growth conditions. The concentrations of the nitrogen sources were as follows: KNO,, 2.5 mM; KN02, 2.5 mM; (NH4)*S0,, 1-25 mM. Data in each column are means of two independent experiments and were obtained by in situ assay of nitrite reductase activity in permeabilized cells. Although not shown, equivalent results were obtained when nitrite reductase was assayed as NO: consumption by intact cells. of N H i ; the activity in the MSX-supplemented media was also remarkably high in the presence of NO? or NO, (Table 1) . These results indicate that NH,+ metabolism through glutamine synthetase is necessary for NH,+ to repress A. nidulans nitrite reductase. Repression of nitrite reductase does not appear, therefore, to be exerted by NH,+ itself or, at least, not by NH,+ alone, but it requires the-operation of glutamine synthetase, and probably involves the participation of some organic-nitrogen-containing metabolite. Conversely, the results with MSX reaffirmed the positive effect of NO? and NO, on nitrite reductase activity, even in NHZ-containing media (Table 1) . Since NO? is rapidly reduced after entering A. nidulans (Flores et al., 19838) , its effect on the development of nitrite reductase could be exerted by NO? itself or by the NO, resulting from its reduction. NO,, the natural substrate of the enzyme, also stimulated nitrite reductase development when present in the medium (Table 1) .
Nitrite reduc tase [ m u (mg protein)-']
To distinguish between these alternatives, the positive effect of NO: on nitrite reductase was studied in cells which were unable to synthesize a functional nitrate reductase. Molybdenum is a prosthetic group of cyanobacterial nitrate reductase (Candau, 1979; Mikami & Ida, 1984) with an essential role in catalysis (Candau, 1979; Peschek, 1979) . As with nitrate reductase from many other sources (Guerrero et aZ., 1981) , tungsten, a structural analogue of molybdenum, can substitute for molybdenum in the A. niddans enzyme, leading to the formation of inactive molecules (Candau, 1979) . Cells which had been grown on NHl-containing medium, and transferred to a NO;-containing medium with no added molybdate but supplemented with tungstate, did not synthesize active nitrate reductase, in contrast to cells which had been transferred to medium containing NO; and molybdate (Fig. 2a) . Despite lacking an active nitrate reductase, the stimulation by NO; of nitrite reductase development on NH,+ removal also occurred in tungstate-treated cells (Fig. 2 6) . The development of nitrite reductase activity in the presence of NO: was slightly lower in the tungstate-treated cells than in the untreated controls (Fig. 2 b) . This difference could be due to a decrease in protein synthesis resulting from nitrogen starvation caused in turn by inability to assimilate NO,. The nitrogen status of tungstate-treated cells incubated with NO, is analogous to that of cells incubated in nitrogen-free medium, which should be considered as the most satisfactory reference for evaluating the extent of the NO; effect. NO? itself, without being reduced to NO,, exerted a positive effect on nitrite reductase activity in A. nidulans. This contrasts with the results obtained with Anabaena cylindrica (Ohmori & Hattori, 1970) , in which nitrite reductase was inducible by NO, but not by NO?. Different regulatory patterns have also been reported in the control of nitrate reductase synthesis in the non-nitrogen-fixing cyanobacteria A. nidulans and Synechocystis 67 14 and the nitrogen-fixing Anabaena 7 1 19, Anabaena variabilis and Nostoc 67 19 (Herrero et al., 198 1, 1985) . Differential responses of nitrite reductase activity to the available nitrogen source may thus represent a distinctive feature of the regulation of NO? assimilation between the two groups of cyanobacteria.
We have previously reported that the transfer of NHZ-grown A . nidulans to a medium containing NO? as sole nitrogen source leads to a drastic increase in the rate of nitrate reductase synthesis . Here we have shown that a similar situation may also apply to nitrite reductase. The kinetics of nitrate and nitrite reductase development upon transfer of cells from NH2-to NO:-containing medium were virtually identical (Fig. 3) . Moreover, from previous work and the present results, it appears that both enzymes are mainly regulated by NHZ-promoted repression, with NHZ metabolism through glutamine synthetase being required for repression to occur. This and the coordinate development of the two enzyme activities after transfer from non-permissive to permissive conditions (Fig. 3 ) favour a common mechanism controlling the synthesis of both enzymes of the NOT-reducing pathway in A. nidulans.
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